Abstract Two types of non-integer electron-exchange numbers from uniform and reversible surface-redox reactions without side reactions have been distinguished. The first being the apparent number, n app , of the apparent faradaic charge corresponding to cyclovoltammetric peak areas above the interpolated baseline, and the second the thermodynamically defined surface-redox valency, n', of Nernstian slopes of cyclovoltammetric peak potentials depending on different solution pH. An analytical expression has been derived for n app based on a simplified capacitive equivalent circuit and for n' using the potential-dependent free adsorption energies of the reactants involved. It should be pointed out that the different experimental values of n app and n' refer to the same integer number of electrons per molecule oxidized or reduced.
Introduction
It is well known that in contrast to thin-layer voltammetry of dissolved species [1, 2] the voltammetry of redoxactive adsorbates [3] , polymer layers [3] and selfassembled monolayers [4] is characterized by non-ideal Nernstian responses, mainly caused by lateral interaction [3, 5, 6, 7, 8] , interfacial potential distribution (IPD) of the electrical double layer [9] and/or slow electron transfer (ET) [10] , which can cause the peaks to become broader or narrower. The computation of such systems is complicated by the possible superimposition of these effects, which require multiparameter fits; however, in some special cases analytical expressions can be derived. In this study, analytical expressions have been derived for the non-integer electron-exchange number, n app , of the apparently lowered faradaic charge of cyclovoltammetric (CV) peak areas and for the non-integer electronexchange numbers, n', in relation to the dependence of the peak potential, E p , on the pH of the redoxactive adsorbates. In a preceeding article n' was thermodynamically defined as the ''surface redox valency '' [11] . The physicochemical origins of these numbers are quite different: n app can be deduced from the IPD model developed by Smith and White [9] , whereas n' is derived from the potential dependence of the free adsorption energies of the molecules involved. In both cases side reactions should be excluded.
Taking lateral interaction into consideration, the concentration-dependent surface-activity coefficients were sometimes replaced by a mean value, g, which includes the electron number, n, and allows the calculation of broadened (g<l) or sharpened (g>1) peaks [12, 13, 14, 15] . Here, it is shown that the faradaic charge of the area of a CV peak is unchanged by lateral interaction. Some former experimental results for n app are discussed in the Results and discussion section.
Theoretical considerations

Lateral interaction
Generally the lateral interaction of adsorbates is taken into account by inserting the surface-activity coefficients c O and c R into the Nernst equation [3, 5, 6, 7, 8] 
for the oxidized and reduced species O and R, respectively, where r 00 , r OR , r RR and r RO are the lateral interaction parameters for OO, OR, RR and RO interactions due mainly to electrostatic forces and G O,R the corresponding surface concentrations. The possibility that these parameters are dependent upon potential should be neglected. The surface concentration, G O , is given by [3, 5, 6, 7, 8 ]
where
o is the halfwave (peak) potential in the absence of lateral interaction. In Eq. (3) (r O +r R ) G O -r R G T can also be written as r O G O -r R G R . In a coupled proton transfer, where the adsorbate charges, z, remain unchanged during the redox reaction, ideal Nernstian behaviour can also be expected at G T " O. Hence, in taking into account the mainly electrostatic contributions
the interaction parameters cancel out. For the peak potential, E p , at G O =G R =G T /2 the exponent of Eq. (3) must be zero. Then, E p becomes [3, 5, 6, 7, 8] 
For the faradaic charge, Q, it holds that Q=nF G O , where G O is given by Eq. (3). The current is obtained by differentiation [3, 5, 6, 7, 8] ,
dE/dt=t and A is the electrode area. With P=1, the peak current, i p , becomes
In Eq. (6) C ps , can be defined as a redox pseudocapacitance [1] . Now the faradaic charge can be expressed by the integral
which is another way of expressing Eq. (3). According to Eq. (8) the integration gives the integer electron numbers of Faraday's law which are not influenced by lateral interaction.
The apparent non-integer charge number
In order to derive an analytical expression for n app the IPD model of an electroactive film developed by Smith and White [9] is transformed into a suitable equivalent circuit of an ad-layer consisting of the two capacitive parallel circuits shown in Fig. 1 . Because only reversible redox reactions are taken into consideration, no resistances are introduced. The top circuit, with the capacitances, C H , of the-Helmholtz layer and C 0 d of the diffuse double layer, in series, refers to the uncovered electrode surface. In further evaluation, its charging current can be neglected because it cancels out by baseline subtraction. In the bottom circuit, referring to the electroactive adsorbate, the redox pseudocapacitance C ps is introduced. In the absence of lateral interaction and double-layer effects it can be written as
C 1 in Fig. 1 is the inherent capacitance of the redoxinactive backbone of the adsorbate
where D O is the permittivity of free space, D 1 the dielectric constant and d 1 the thickness of the ad-layer.
In the case of a proton-coupled redox reaction without changing the charge number, z, C 1 can be assumed to be independent of potential. Within the potential range of the redox reaction the total capacitance of the ad-layer is the sum of C ps and C 1 :
Outside the peak with C ps =0, C ad becomes C 1 . The adlayer should be in direct contact with the electrolyte solution; therefore, C 2 of an additional insulating layer [9] is not needed here. C d in series with C ad is again the diffuse-layer capacitance governed by the Gouy-Chapman model [1] . ø M , ø 1 and ø S =0 are the Galvani potentials of the electrode, the adsorbate and the solution, respectively. The potential differences are denoted as
Fig. 1. Simplified equivalent parallel circuit for an electroactive adsorbate: the top circuit, with the capacitances C H of the Helmholtz layer, and C 0 d of the diffuse layer in series, refers to the uncovered electrode surface, the bottom circuit to the electroactive adsorbate with the potential-dependent redox pseudocapacitance, C ps , together with its inherent capacitance, C 1 , both being in series with C d of the corresponding diffuse double layer. ø M , ø 1 and ø S =O are the Galvani potentials of the electrode, the adsorbate and the electrolyte, respectively. ø 1 should coincide with ø PET , the potential at the plane of electron transfer.The potential differences are U 1 =ø M -ø 1 and U 2 =ø 1 -ø S =ø 1
